Acetaldehyde and butyraldehyde are substrates for alcohol dehydrogenase in the production of ethanol and 1-butanol by solvent-producing clostridia. A coenzyme A (CoA)-acylating aldehyde dehydrogenase (ALDH), which also converts acyl-CoA to aldehyde and CoA, has been purified under anaerobic conditions from Clostridium beijerinckii NRRL B592. The ALDH showed a native molecular weight (Mr) of 100,000 and a subunit Mr of 55,000, suggesting that ALDH is dimeric. Purified ALDH contained no alcohol dehydrogenase activity. Activities measured with acetaldehyde and butyraldehyde as alternative substrates were copurified, indicating that the same ALDH can catalyze the formation of both aldehydes for ethanol and butanol production. Based on the Km and Vm,. values for acetyl-CoA and butyryl-CoA, ALDH was more effective for the production of butyraldehyde than for acetaldehyde. ALDH could use either NAD(H) or NADP(H) as the coenzyme, but the Km for NAD(H) was much lower than that for NADP(H). Kinetic data suggest a ping-pong mechanism for the reaction. ALDH was more stable in Tris buffer than in phosphate buffer. The apparent optimum pH was between 6.5 and 7 for the forward reaction (the physiological direction; aldehyde forming), and it was 9.5 or higher for the reverse reaction (acyl-CoA forming). The ratio of NAD(H)/NADP(H)-linked activities increased with decreasing pH. ALDH was 02 sensitive, but it could be protected against 02 inactivation by dithiothreitol. The 02-inactivated enzyme could be reactivated by incubating the enzyme with CoA in the presence or absence of dithiothreitol prior to assay.
Aldehyde dehydrogenase (ALDH) activity is present in both eucaryotes and procaryotes, and several forms of ALDH have been found in different cellular locations of mammalian tissues (13, 33) or in bacterial cells grown under different conditions (17) . ALDHs may be distinguished on the basis of their coenzyme requirements: (i) the coenzyme A (CoA)-independent, NAD(P)+-linked ALDH, which is present in animals, plants, yeasts, and bacteria (14, 24, 30, 31, 33) ; (ii) the CoA-and NAD(P)+-independent ALDH, which is present in some bacteria (21, 23, 25) ; and (iii) the CoA-acylating, NAD(P)+-linked ALDH, which has been found in several bacteria (3, 4, 12, 18, 22, 26, 28, 37) , a green alga (19) , and a fish (10) .
CoA-acylating ALDH (EC 1.2.1.10) was first detected in Clostridium kluyveri (3) , which catalyzes the following reaction: aldehyde + CoA + NAD(P)+ = acyl CoA + NAD(P)H + H+. The enzyme has been partially purified (about 40% pure) from C. kluyveri K-1, and the preparation contained little alcohol dehydrogenase activity (28) . However, ALDH has also been isolated as a complex with alcohol dehydrogenase from C. kluyveri DSM 555 (20) and from Leuconostoc mesenteroides (18) . A CoA-acylating ALDH has been extensively purified from Escherichia coli, and the preparation contained a significant level of alcohol dehydrogenase activity (26, 27) . These ALDHs require a thiol compound (besides CoA) to show activity. In addition, oxidized E. coli ALDH further requires incubation with a thiol compound and NAD+ to be activated (26, 27) . Activity of CoA-acylating ALDH from other sources has also been measured after a preincubation with a thiol compound and substrates (12, 18, 22) , but whether the preincubation was necessary was not reported. from Kodak; and acetaldehyde was obtained from Fisher Scientific Co. Organisms and growth conditions. C. beijerinckii ("C. butylicum") NRRL B592 (VPI 13436) was used in this study. Growth conditions were as described previously (37) , except that cells were harvested when the A550 reached 7. Cell paste was stored in liquid nitrogen.
Preparation of crude extracts. Cell paste was thawed under argon in 50 mM Tris acetate, pH 7 (1 g of cells per 2 ml of buffer). DNase I (0.1 mg/ml), dithiothreitol (DTT; 5 mM), lysozyme (2 mg/ml), and ao-toluenesulfonyl fluoride (0.3 mg/ml every 0.5 h as a precaution against serine proteases) were added to the cell suspension. The cell suspension was incubated at room temperature for 2 h. Cell debris was removed by centrifugation at 37,000 x g for 0.5 h at 4°C. The supernatant (crude extract) was stored as frozen droplets in liquid nitrogen when not immediately used.
Protein determination. Protein was determined by the dye-binding assay (2) , with bovine plasma gamma globulin as a standard.
Enzyme assays. Crude extracts of C. beijerinckii had a high NAD(P)H-oxidizing (diaphorase) activity in air, which necessitated the use of anaerobic conditions for assaying ALDH activities in unfractionated crude extracts. Anaerobically purified ALDH (containing 5 mM DTT) could be assayed in air. In routine assays, ALDH activity was measured anaerobically in the nonphysiological direction. The assay mixture (1-ml final volume) contained 50 mM potassium CHES buffer (pH 8.6), 5 mM DTT, 0.5 mM CoA, 2 mM NAD+, 0.01 to 0.05 U of ALDH, and either 11 mM butyraldehyde (diluted 10-fold with methanol) or 18 mM acetaldehyde (diluted 10-fold with deoxygenated water kept on ice). Acetaldehyde used was without the NAD(P)H-reacting substance(s) (36) . The reaction was initiated by the addition of aldehyde. ALDH activity was also determined by measuring the formation of butyryl-CoA under the condition of routine assays; butyryl-CoA was measured after conversion into hydroxamic acid (29) . Alcohol dehydrogenase activity was assayed in the physiological direction. The assay mixture (1-ml final volume) contained 5.5 mM butyraldehyde (diluted 10-fold with methanol) and either 50 mM Tris chloride buffer (pH 7.5)-0.2 mM NADPH or 50 mM potassium MES buffer (pH 6.0)-0.2 mM NADH. The reaction was initiated with butyraldehyde. One unit is the oxidation of 1 ,umol of NAD(P)H per min or the reduction of 1 ,umol of NAD(P)+ per min.
Purification of ALDH. A 50 mM Tris acetate buffer (pH 7) containing 5 mM DTT and 20% (vol/vol) glycerol (hereafter referred to as Tris acetate buffer, except when describing the stability study) was used throughout the purification. All operations were performed at 0 to 4°C under anaerobic conditions, using argon (5, 15) . Active fractions were stored at 4°C overnight between purification steps. A typical purification is described below.
(i) DEAE-cellulose column. A crude extract (3.2 g of protein) was loaded onto a Whatman DE-52 column (2.6 by 8.5 cm) which had been equilibrated with Tris acetate buffer. The column was then washed with 1 bed volume of the same buffer and eluted with a linear gradient of KCl (0 to 0.2 M in the same buffer; total volume, 300 ml). The flow rate was 50 ml/h, and 10-ml fractions were collected.
(ii) Matrex Gel Red A column. Active fractions from the DE-52 column step were pooled and applied to a Matrex Gel Red A column (1.4 by 8.5 cm) which had been equilibrated with Tris acetate buffer. The column was washed with 1 bed volume of the same buffer and then with a linear gradient of KCI (0 to 1 M in the same buffer; total volume, 90 ml). The flow rate was 25 ml/h, and 4-ml fractions were collected.
(iii) Cibacron Blue 3GA-agarose column. Purification of ALDH. Because ALDH was stabilized by glycerol and KCl in Tris acetate buffer (pH 7), buffers containing glycerol and KCI were used throughout the anaerobic purification steps. The results of purification are summarized in Table 1 . The scheme gave an overall purification of 38-fold with a 36% yield of activity from crude extracts. Crude extracts with a lower starting specific activity gave a higher fold of purification (up to 150-fold) when a similar final activity was obtained by the same purification scheme (data not shown); variable starting activities may be caused partly by reoxidation of NADH in assays (see Discussion).
Comparable activities were obtained when purified ALDH was monitored for the formation of NAD(P)H or butyrylCoA. Activities measured with butyraldehyde and acetaldehyde were copurified with a constant ratio (Table 1) , which resembled the C. acetobutylicum ALDH (22) . Both NADHand NADPH-linked alcohol dehydrogenase activities were present in C. beijerinckii B592 (R.-T. Yan and J.-S. Chen, unpublished results), but purified ALDH contained no alcohol dehydrogenase activity. SDS-PAGE ( Fig. 1) showed a single, intense band when 30 ,ug of ALDH was examined for purity.
In addition to its stabilizing effect, glycerol also changed the elution properties of ALDH from the DE-52 column. In the presence of 20% (vol/vol) glycerol, ALDH was eluted by a lower concentration of KCI and in a much narrower range, which resulted in the separation of ALDH from the bulk of eluted proteins. A 13-fold purification was obtained by this step alone, in contrast to the 3-fold purification obtained when glycerol was absent (data not shown). Native and subunit molecular weights. ALDH showed a native Mr of 100,000. SDS-PAGE gave a subunit M, of 55,000, suggesting that the native ALDH is dimeric.
pH proffle. For the forward reaction, the NADH-linked activity showed a broad peak between pH 6 and 7, whereas the NADPH-linked activity showed a broad peak between pH 6.5 and 7.5 ( Fig. 2A) . For the reverse reaction, both NAD+-and NADP+-linked activities increased when pH increased from 6.5 to 9.5 (Fig. 2B) . The ratio of NAD(H)-to NADP(H)-linked activities increased when the pH was lowered from about 8 to 6.
Kinetic studies. The CoA-independent oxidation of acetaldehyde to acetate has a free energy change of -12.5 kcal (-52.3 kJ)/mol at pH 7 (3, 35) . The energetics do not favor the reduction of acids to aldehydes, which explains why the CoA-independent ALDH catalyzes only the oxidation of aldehydes. The CoA-acylating reaction of ALDH has a free energy change of -4.2 kcal (-17.6 kJ)/mol at pH 7 (3), which makes the reduction of acyl-CoA to aldehydes energetically less unfavorable than the reduction of acids to aldehydes. Under conditions used in this study, the CoA-acylating ALDH readily catalyzed the forward and reverse reactions. Therefore, initial velocity measurements were conducted with the purified C. beijerinckii ALDH to determine the respective Km and Vmax values for substrates of both reactions.
In the forward (physiological) direction, the true Km and Vmax values were determined for acetyl-CoA, butyryl-CoA, NADH, and NADPH (Table 2) . A reciprocal plot (Fig. 3A) , in which 1/v was plotted against the reciprocal of NADH concentrations and with changing butyryl-CoA levels, yielded apparently parallel lines. A secondary plot of intercepts versus the reciprocal of butyryl-CoA concentrations is shown in Fig. 3B . Similar plots were obtained with acetylCoA or with NADPH as the coenzyme (not shown).
The Vmax and VmaxlKm values were much higher with butyryl-CoA than with acetyl-CoA ( Table 2 ). This is consistent with the production of less ethanol than butanol by C. beijerinckii. With butyryl-CoA, the Vmax was higher and the Km was lower when NADPH, rather than NADH, was the VOL. 56, 1990 on June 18, 2017 by guest http://aem.asm.org/ Downloaded from Fig. 3A; and data not shown) suggest a ping-pong mechanism for the reaction (6). This is supported by a linear line in plots of (i) 1 (9) . A ping-pong mechanism has been proposed for the reaction catalyzed by CoA-acylating ALDH of E. coli (26, 27) and C. kluyveri (28) . The order of addition for the proposed bi-uniuni-uni ping-pong mechanism is as follows: NAD+ binds to the free enzyme, aldehyde binds next, and NADH is released before CoA binds and acyl-CoA is released. For the C. beijerinckii ALDH, the order of interaction with For the ALDH of C. beijerinckii NRRL B592, substrate inhibition was observed only in the direction of butyryl-CoA formation from butyraldehyde and CoA (Fig. 4A to F) , which is consistent with the fact that substrate inhibition is much more common in the nonphysiological direction (8) . We further measured the ALDH activity at higher-thanthreshold levels of NAD+ and CoA, but with the ratio of the two substrates held constant. No inhibition was observed with increasing concentrations of NAD+ (up to 2.5 mM) and CoA (up to 0.6 mM) when the NAD+/CoA ratio was kept at 1:0.24 (data not shown). The result suggests that the substrate inhibition is double competitive in nature; competitive substrate inhibition is usually found in ping-pong mechanisms (8) . However, CoA-acylating ALDHs isolated from C. kluyveri and C. acetobutylicum were only inhibited by CoA, not by NAD+ or aldehyde (22, 28) . No substrate inhibition was reported for ALDH of E. coli (26) .
Inactivation of ALDH by 02 and reactivation. ALDH was sensitive to 02 in either crude extracts (data not shown) or the purified form (Fig. 5) when DTT was present at 1 mM or less. DTT at 5 mM protected ALDH in crude extracts from 02 inactivation for at least 2 h. Activity of the O2-inactivated ALDH in a crude extract could be partially restored (75%) by deoxygenation and incubation with DTT. The degree of reactivation depended on the conditions used (Fig. 5) . Incubation of the inactivated (purified) ALDH with CoA alone resulted in significant reactivation, whereas DTT alone caused much less reactivation. CoA and DTT together restored a higher activity than CoA. The reactivating effect of CoA may explain why addition of DTT alone afforded a greater degree of reactivation with crude extracts (75%) than with the purified ALDH (Fig. 5) , as CoA is expected to be present in crude extracts. Reactivation of ALDH by CoA had not been reported before, and the synergistic effect of DTT with CoA was also unexpected. The reactivating effect of these compounds was examined further with purified ALDH.
We first examined the effect of DTT in assay mixtures on ALDH activity. When measured in anaerobic assays containing 5 mM DTT, 02-treated ALDH seemed to retain part of its activity (Fig. 5) . However, omission of DTT from the Inactivation by 02 and reactivation of purified ALDH from C. beijerinckii NRRL B592. A 0.3-ml amount of dialyzed ALDH was gently bubbled with air for 1 min and then incubated on ice (0, 0). ALDH activity was measured in the reverse reaction at the indicated times. In one set of experiments (0, A), DTT was omitted from the assay mixture. After 20 min (indicated by arrow), the vial containing the aerated sample was evacuated and refilled with argon for 10 cycles, and portions (5 to 10 ,ul) of the deoxygenated sample were incubated, under argon and at room temperature, in 1 ml of glycylglycine buffer (50 mM; pH 9) containing the indicated compound(s). Activity was measured after the indicated length of incubation. Incubation was carried out with 5 mM DTT (A, A), 0.12 mM CoA (0), or 5 mM DTT plus 0.12 mM CoA (-). At the end of incubation, 0.5 mM NAD+ and a compound(s) not already present in the assay buffer were added to make up the assay mixture. The reaction was initiated by the addition of 11 mM butyraldehyde.
assay mixture showed that no activity remained after ALDH was exposed to air for 10 min. After the inactivated ALDH was incubated with DTT for 20 min, a comparable activity was obtained in assays with and without 5 mM DTT (Fig. 5) . The results suggest that, in the routine assay mixture (with CoA, NAD+, and 5 mM DTT), a very rapid reactivation of ALDH occurred, but ALDH was not reactivated to the more active state obtained with CoA alone or with CoA plus DTT. Also, the DTT-reactivated ALDH was not further activated in the assay mixture containing DTT. Thus, the apparent degree of reactivation by DTT was much less when the assay mixture contained 5 mM DTT, and this assay condition did not allow an accurate measurement of the extent of 02 inactivation.
We then compared aerobic and anaerobic assay mixtures for any effect of 02, along with DTT, on the measured activity. The assay mixture contained sodium glycylglycine buffer (50 mM, pH 9), NAD+ (0.5 mM), CoA (0.12 mM), and butyraldehyde (11 mM). DTT was added to 0, 0.05, 0.5, 5, and 10 mM in the assay mixture. For undialyzed ALDH, which carried DTT into the assay mixture to give a calculated final concentration of 50 ,um, the same activity (5.6 U/mg) was obtained under both aerobic and anaerobic conditions and with or without added DTT. After dialysis and with the DTT level in the ALDH sample lowered to 30 p.M or less, an increase in activity (from 0.88 to 1.9 U/mg) was observed when 250 p.M DTT was added to the assay mixture, but no difference was found between aerobic and anaerobic conditions. After dialyzed ALDH was exposed to a An 8-,ug portion of dialyzed ALDH was incubated in 1 ml of glycylglycine buffer (50 mM; pH 9) in a cuvette for 20 min at room temperature with the indicated compound(s) at the following concentrations: DTT, 5 mM; NAD+, 0.5 mM; CoA, 0.12 mM. At the end of incubation, the compound(s) not already present was added to make up the assay mixture, and 11 mM butyraldehyde was added last to initiate the reaction.
b The undialyzed ALDH had an activity of 4.88 U/mg, which was not affected by preincubation with DTT, CoA, and NAD+.
I Incubated first with DTT for 20 min and then with CoA for another 10 or 20 min.
air for 10 min, it required the presence of -50 ,uM DTT in the anaerobic assay mixture to show activity (1 U/mg). The results indicate that ALDH was less sensitive to 02 in the presence of CoA and NAD+ than in their absence (about 80% loss in 2 min; Fig. 5 ). It also suggests that a low level of a thiol compound (e.g., about 50 ,uM DTT) in the assay mixture is sufficient for maintaining ALDH activity, which may explain why a thiol compound was not required for the assay of purified ALDH from C. acetobutylicum, as the enzyme sample contained 10 mM 2-mercaptoethanol (22) . For the 02-inactivated ALDH, DTT was required in the anaerobic assay to show activity, although CoA, which is also a thiol compound, was present in the assay.
Dialysis of purified ALDH caused about a 70% loss in enzyme activity, but the activity was increased about twofold when .50 ,uM DTT was present in the assay, which suggests that oxidative inactivation of ALDH occurred during dialysis. The dialyzed (partially inactivated) ALDH was used in a study of the effect of preincubation with CoA, DTT, or NAD+ on enzyme activity. Butyraldehyde was not tested because the reaction was routinely initiated by this substrate.
Activity of dialyzed ALDH was increased by incubation (20 min) with CoA alone, with CoA, DTT, and NAD+, or with any two of these compounds (Table 4 ). In contrast, there was no change in activity when undialyzed ALDH (with 5 mM DTT) was incubated with CoA, DTT, and NAD+ for up to 25 min prior to the initiation of the reaction. Four levels of activation may be recognized with the dialyzed ALDH: (i) no activation was seen with either DTT or NAD+ alone; (ii) an activation of about 1.7-fold was obtained with NAD+ plus CoA, NAD+ plus DTT, or a combination of NAD+, CoA, and DTT; (iii) an activation of about 2.7-fold was obtained with CoA alone; (iv) an activation of about 5.7-fold was obtained with CoA plus DTT. It was not expected that CoA plus DTT activated ALDH to 9.62 U/mg, which was about two times the activity (4.88 U/mg) originally measured with anaerobically purified ALDH. Also, preincubation of dialyzed ALDH with DTT alone prevented it from activation by further incubation with CoA, which may explain the lack of a response of purified ALDH (with 5 mM DTT always present) toward incubation with CoA, DTT, and NAD+.
DISCUSSION
Few CoA-acylating ALDHs have been completely separated from other enzyme activities and purified to a high degree of purity. ALDHs purified from C. acetobutylicum NRRL B643 (22) and from C. beijerinckii NRRL B592 (this work) shared a number of properties which differentiate them from the ALDH purified from Propionibacterium freudenreichii (12) . The C. beijerinckii ALDH had native and subunit Mrs of 100,000 and 55,000, respectively, whereas those of the C. acetobutylicum ALDH are 115,000 and 56,000, suggesting a dimeric structure for ALDH of both Clostridium species. The ALDH from P. freudenreichii, on the other hand, has a native Mr of 188,000 and a subunit Mr of 47,500, suggesting a tetrameric structure.
ALDHs from C. kluyveri K-1 (the soluble enzyme [3] ), E. coli (26) , L. mesenteroides (18) , and P. freudenreichii (12) are specific for NAD+, whereas the ALDH from C. kluyveri (the particulate enzyme [11] ), Vibrio harveyi (4) (27) showed that NAD+ was necessary, together with 2-mercaptoethanol, for the activation (and for the maintenance of the active conformation) of the E. coli ALDH. These workers did not report whether CoA could replace NAD+. Because the measured activity of ALDH is easily affected by prior exposures to 02 (in the presence of a low level of thiol compounds) and by the assay conditions, a comparison of ALDH activity from different sources must be approached carefully.
During butanol formation, the cell must direct butyrylCoA away from the competing enzyme phosphotransbutyrylase (PTB; butyryl-CoA + phosphate butyryl phosphate + CoA [EC 2.3.1.19]), which leads to the formation of butyric acid (Fig. 1 in reference 37 ). For C. beijerinckii NRRL B592, the K,,M value for butyryl-CoA was 0.033 mM (at pH 7.5) for PTB (J.-S. Chen and M. Walker, unpublished data) and 0.166 mM (with NADH at pH 6.5; Table 2 ) for ALDH. The in vitro activity level of PTB was about 3 orders higher than that of ALDH in crude extracts of butanolproducing cells (R.-T. Yan and J.-S. Chen, unpublished data). PTB activity was lower at lower pH, and it had a relatively high KJM for phosphate (32) . However, it remains to be shown whether a decrease in intracellular pH and phosphate concentration is sufficient to make butyryl-CoA more available to ALDH than to PTB during butanol production.
